SUMMARY
INTRODUCTION
During development, nerve growth factor (NGF) 1 has profound effects on the differentiation and survival of subsets of neurons in the peripheral and central nervous systems (1) . These effects are largely mediated through activation of the TrkA receptor, which initiates a cascade of signaling events that include activation of several downstream protein kinases and transcription factors (2) . These early events are thought to generate the long-term changes in gene expression needed for acquisition of a mature neuronal phenotype. Mature or adult neurons are also exposed to and responsive to neurotrophins like NGF, but their biological responses may be quite distinct from those of an immature neuron. For example, developing nociceptive neurons in the dorsal root ganglion require NGF for survival (3) . NGF alters neurite outgrowth, gene induction and the responsiveness of adult nociceptive neurons to some stimuli but it is apparently not necessary for their survival (4) (5) (6) . Much effort has been devoted towards understanding how NGF and other neurotrophins bring about their biological effects in both the developing and adult nervous systems. Most studies of neurotrophin signal transduction have focused on how these ligands activate intracellular signals. However, activity of the intracellular mediators that the neurotrophins use must somehow be maintained to generate their lasting biological effects. 1 The NGF-responsive PC12 cell line has been used extensively for analysis of neurotrophin signal transduction. NGF induces the differentiation of PC12 cells into a sympathetic neuron-like phenotype (7) . Both survival and phenotypic maintenance of the differentiated or 'neuronal' PC12 cells require continual exposure to NGF (8) .
Previous studies, using either activating and dominant negative signaling proteins or pharmacological inhibitors, have argued that sustained activity of Erk 1/2 and/or PI3K is required to maintain survival of differentiated PC12 cells (2, 9, 10) . However, there are exceedingly few examples where the activity of intracellular signal transduction pathways in differentiated PC12 cells has been directly demonstrated. Even when NGF is continually present and its receptors are available to bind ligand, activation of TrkA appears to be a relatively short-lived event in the PC12 cells. TrkA activity falls dramatically over a few hours time following the large peak activity at 5 min after initial NGF exposure (11) . Comparing the kinetics of Erk 1/2 activation in PC12 cells treated with NGF versus mitogenic stimuli has led to the conclusion that prolonged activation of Erk 1/2 drives NGF-dependent differentiation of PC12 cells (12, 13) . NGF-dependent activation of Erk 1/2 is initially activated by Ras and then prolonged activity is maintained by Rap 1. Mitogenic stimuli such as EGF only stimulate Ras activity in the PC12 cells so Erk 1/2 activity is not maintained for hours as seen after NGF stimulation (14) . However, since the increased activity of Erk 1/2 seen after NGF treatment takes place over the course of hours, this cannot explain the means that NGF uses to drive neuronal differentiation over the days of ligand exposure needed for this phenotypic transition (8, 15 ).
Here, we show that the NGF receptor, TrkA, remains phosphorylated on residues that correspond to the activated receptor in PC12 cells treated with NGF for 1-7 days.
As long as NGF is present, TrkA activity is greater than that seen in naive PC12 cells. 
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EXPERIMENTAL PROCEDURES
Cell culture -PC12 cells were maintained in Dulbecco's modified Eagle's medium
[DMEM] containing 6% horse serum and 6% bovine calf serum (Hyclone) at 7% CO 2 , 37°C. For NGF treatment, PC12 cells were plated on collagen-coated dishes in complete media for at least 6 h and then switched to serum-free conditions consisting of DMEM containing 0.1% bovine serum albumin [DMEB] supplemented with 50 ng/ml NGF (Harlan Bioscience). Medium and NGF were replenished every 2 days. Medium changes were performed at least 24 h prior to any experiments in NGF treated cells to ensure that a basal state of signaling had been reached. For pharmacological inhibition of Trk, MEK1, or PI3K activity in naive cells, cultures were pretreated with 200 nM K252a (Calbiochem), 50 mM PD98059 (Biomol), or 50 mM LY294002 (Biomol), respectively, for 30 min before addition of NGF; in PC12 cells that had been treated with NGF for ≥ 24 h, inhibitors were added directly to culture media. For control, cells were treated with an equal volume of vehicle (DMSO). The stably transfected PC12 clones described below were treated in the same fashion.
Transfection and characterization of transcriptional activity -PC12 cells were cotransfected with the pAP1-Luc, pCRE-Luc, or pSRE-Luc (Stratagene) plus pSV3-neo plasmids using Lipofectamine plus (Invitrogen, Inc.). Stable clones were selected in 400 µg/ml G418 and maintained in 100 µg/ml G418 as previously described (17, 18) . Stable clones were chosen for further experiments based upon an appropriate induction of luciferase activity using known activators of these reporter elements (see below).
AP1-Luc and SRE-Luc clones were treated with 1 µM phorbol 12-myristate 13-acetate
[PMA] (Sigma). CRE-Luc clones were treated with 1 µM dibutyryl-cAMP [db-cAMP] by guest on http://www.jbc.org/ Downloaded from (Sigma) for 5 h. Reporter activity was assessed by luminometry using a commercial luciferase assay kit (Promega). The protein concentration of each lysate was determined by Bradford assay and the luciferase activities, measured in relative light unit values [RLU], were normalized for protein content in each sample.
In the naive clones, accumulation of luciferase activity after 5 h of NGF stimulation was used as a measure of AP1-, SRE-, and CRE-dependent transcription.
Analysis of relative transcriptional activity in differentiated clones required consideration of decay of both luciferase mRNA and protein. 20 h proved the optimal duration of anti-NGF or K252a treatment for assessing relative transcriptional activity from the AP1-, SRE-, and CRE-promoter elements.
Titration of neutralizing anti-NGF antibody and NGF withdrawal -Neutralizing
anti-NGF antibody was titrated in PC12 cells using phosphorylation of TrkA at 5 min as a biological measure of NGF levels. For this, 50 ng/ml NGF was incubated in DMEB with serial dilutions of rabbit anti-NGF antibody for 20 min. Naive PC12 cells were then treated with the NGF/anti-NGF antibody mixtures for 5 min, washed twice in ice cold PBS, and processed for immunoblotting (see below). For NGF neutralization in NGFtreated cultures, PC12 cell cultures were treated with 50 ng/ml NGF for the indicated durations and then the anti-NGF antibody was added directly to culture medium as indicated in the results section.
Immunoblotting -Cells were washed twice in ice cold PBS, and then lysed in lysis buffer (20 mM Tris-Cl [pH 7.4], 150 mM NaCl, 1 % Triton X-100, 20 mM NaF, 2 mM para-nitrophenol phosphate, 1 mg/ml leupeptin, 2 mM sodium orthovanadate, and 1 mM phenylmethylsulfonyl fluoride) (17, 18) . After clearing at 13,000 rpm for 15 min, lysates Cell surface biotinylation -Isolation of cell surface proteins was performed essentially as previously described with minor modifications (20) . Briefly, naive or differentiated PC12 cells were rinsed three times with ice cold PBS and then incubated with either PBS alone (non-biotinylated controls) or PBS containing 0.5 mg/ml Sulfo-NHS-LC-Biotin (Pierce) for 2 h at 4°C. The biotin solution was removed and replaced with ice cold DMEM (containing glutamine) for 10 min at 4°C. The cells were gently rinsed twice with ice cold PBS and then lysed as described above. The lysates were incubated on ice for 10 min and then cleared by centrifugation at 13,000 rpm, 4°C for 15 min. Biotinylated proteins were precipitated by adding 40 µl streptavidin agarose 10 beads [SA] (Molecular Probes) and incubated overnight at 4°C. The SA beads were pelleted by centrifugation and washed five times with 1 ml ice cold PBS prior to resuspension in 2x Laemli sample buffer. Precipitated proteins were then resolved on 8 % SDS/PAGE gels and then processed for immunoblotting as described above. Blots were reprobed with a rabbit anti-eIF5 antibody to ensure that the proteins detected in the SA precipitates did not arise from inadvertent cell lysis during the biotinylation procedure.
Survival assays -Survival assays were performed 24-48 h after NGF withdrawal using the methylthiazoletetrazolium [MTT] assay as previously described with some modifications (21, 22) . Briefly, MTT reagent (Sigma) was added to cultures at a final concentration of 0.5 mg/ml and the cultures were placed at 37°C, 7 % CO 2 for 2 h.
Media was then removed and the insoluble blue reaction product was solubilized in DMSO. Optical densities of the medium containing solubilized MTT reagent were measured at 570 nm using a spectrophotometer.
RESULTS
TrkA remains activated over the course of neuronal differentiation in PC12 cells
Previous studies have shown that the initial stimulation of TrkA phosphorylation and activation of downstream signaling pathways in PC12 cells exposed to NGF is rapid but transient despite continued NGF exposure (11, 23) . Studies in our PC12 cell isolate showed similar rapid activation kinetics of TrkA and downstream signaling cascades Despite the seemingly transient increase in TrkA activity above, we were able to detect levels of phosphorylated TrkA at 1, 2, and even 7 days after the initial NGF exposure and these signals were clearly distinguished from any Trk Although serine 133 phosphorylation results in activation of CREB, several reports have shown that this CREB phosphorylation is not always sufficient for induction of CRE-dependent gene expression (16, 66, 67) . Recruitment of the CREB binding protein, CBP, is sufficient for CREB-mediated gene activation (68) . CBP binds to components of the basal transcriptional machinery and may act as a scaffold to stabilize the preinitiation complex at the promoter (69) . Recruitment of CBP to CREB via phosphorylated serine 133 has been shown to be sufficient for inducing transcription in several different experimental systems (70, 71) . However, absence of CBP in the naive PC12 cells cannot explain the transition to NGF responsiveness that we saw in CREdependent transcription since cAMP caused a large increase in luciferase activity in the naive CRE-Luc lines (Figure 7) . Delayed recruitment of CBP to CREB PS133 after NGF treatment may underlie the transition of CRE responsiveness to NGF-dependent Trk activity. CBP also has intrinsic histone acetyltransferase activity (72) , suggesting that it may also play an important role in chromatin remodeling. Alterations of chromatin structure could effectively regulate how other transcriptional machinery binds to the CRE promoter that we have used. Recent studies in Aplysia indicate that such histone acetylation determines whether serotonin can activate CRE-dependent transcription in sensory neurons (73) . Additional studies will be required to determine whether CRE in PC12 cells is subjected to such epigenetic regulation as it acquires TrkA-dependence. A, Naive PC12 cells were stimulated with 50 ng/ml NGF for the indicated times.
Consistent with the kinetics of TrkA activation shown in Figure 2A , the Trk Representative data from three independent experiments are shown. All experiments were performed in triplicate in at least 2 stable clones for each reporter. 
